Vascular inflammation contributes to cardiovascular diseases such as aortic aneurysm and dissection. However, the precise inflammatory pathways involved have not been clearly defined. We have shown here that subcutaneous infusion of Ang II, a vasopressor known to promote vascular inflammation, into older C57BL/6J mice induced aortic production of the proinflammatory cytokine IL-6 and the monocyte chemoattractant MCP-1. Production of these factors occurred predominantly in the tunica adventitia, along with macrophage recruitment, adventitial expansion, and development of thoracic and suprarenal aortic dissections. In contrast, a reduced incidence of dissections was observed after Ang II infusion into mice lacking either IL-6 or the MCP-1 receptor CCR2. Further analysis revealed that Ang II induced CCR2 + CD14 hi CD11b hi F4/80 -macrophage accumulation selectively in aortic dissections and not in aortas from Il6 -/-mice. Adoptive transfer of Ccr2 +/+ monocytes into Ccr2 -/-mice resulted in selective monocyte uptake into the ascending and suprarenal aorta in regions of enhanced ROS stress, with restoration of IL-6 secretion and increased incidence of dissection. In vitro, coculture of monocytes and aortic adventitial fibroblasts produced MCP-1-and IL-6-enriched conditioned medium that promoted differentiation of monocytes into macrophages, induced CD14 and CD11b upregulation, and induced MCP-1 and MMP-9 expression. These results suggest that leukocyte-fibroblast interactions in the aortic adventitia potentiate IL-6 production, inducing local monocyte recruitment and activation, thereby promoting MCP-1 secretion, vascular inflammation, ECM remodeling, and aortic destabilization.
Introduction
Aneurysms and aortic dissections are major diseases affecting the aorta, accounting for almost 16 ,000 deaths in the United States annually. Aortic aneurysms, including both abdominal and thoracic aneurysms, are highly common conditions, with abdominal aneurysms being 3 times more prevalent than thoracic aneurysms (1, 2) . Although they are typically regarded as being distinct entities, vascular inflammation is a common pathogenic factor in both (3, 4) . Common pathologic features of aneurysmal disease include leukocytic infiltration and structural ECM remodeling (2, (5) (6) (7) . This process of aortic remodeling produces dilatation and, in some cases, acute aortic dissection or rupture, wherein the integrity of the tunica media is breached, a process resulting in high morbidity and mortality.
Vascular inflammation is a complex process involving margination, extravasation, and local activation of circulating mononuclear leukocytes into the vessel wall (8) . This multistep process is the result of local secretion of chemotactic factors, macrophageactivating cytokines, upregulation of vascular adhesion molecules, and production of MMPs. Previous work has shown that MCP-1, a monocyte chemotactic factor that signals via the CCR2 receptor, is critical for aneurysm formation because of its ability to recruit leukocytes that, in turn, produce ECM-degrading MMPs, thereby inducing aortic remodeling and dilatation (9) (10) (11) (12) . However, the processes by which MCP-1 is induced in vascular inflammation have not been completely elucidated.
Of the vascular cytokines, IL-6 is well known to be secreted at high levels in human aortic aneurysm disease (13) (14) (15) (16) (17) (18) (19) (20) , has been identified as an independent biomarker of severe coronary artery disease (21) (22) (23) , and is associated with risk for aneurysm rupture (13-15, 17, 19) . Although IL-6 is known to induce systemic production of hepatic acute-phase reactants and facilitate survival of lymphocyte subpopulations (24, 25) , its local role in aneurysm formation and exacerbation of vascular inflammatory diseases has not been clearly defined.
Cellular infiltrates of macrophages, T lymphocytes, and B lymphocytes, representing the major cell types present in human aneurysmal tissue, are mainly seen in the tunica adventitia (2, 26, 27) . Besides leukocyte infiltration and cytokine production, the adventitia is highly reactive to the process of aneurysm formation, where marked proliferation, fibrosis, and myofibroblast transformation are seen (28) . It is increasingly being accepted that adventitial inflammation may play a key role in the genesis and maintenance of vascular inflammation in aortic aneurysms (26, 29) and atherosclerotic vascular disease (30) (31) (32) (33) . Consequently, understanding the processes controlling cellular recruitment and leukocytic activation in the adventitia may provide fundamental insights into the pathogenesis of a diverse spectrum of cardiovascular diseases.
In this study, we explored mechanisms upregulating IL-6 in the aorta and how local IL-6 production contributes to vascular inflammation leading to aneurysm and dissection. We focused on macrophages, since they have a critical role in aneurysm formation (34, 35) . Based on knowledge that the potent vasopressor Ang II is a strong inducer of vascular inflammation (25, 36) and aortic remodeling in atherosclerosis-prone mice (37, 38) , we adapted an acute Ang II infusion model using older C57BL/6 mice, which exhibit enhanced cytokine expression compared with younger mice. Subcutaneous Ang II infusion produced aortic remodeling and aneurysm formation, with acute thoracic and abdominal aortic dissections associated with local secretion of IL-6 and MCP-1 and increased macrophage recruitment. We found that CCR2 + monocytes and macrophages control the potentiation of cytokines and incidence of aortic dissection and that IL-6 promotes aortic macrophage differentiation into a pathogenic type. Moreover, we demonstrated in vitro that a cell-cell interaction between monocytes and aortic adventitial fibroblasts (AoAFs) produces similar results, leading us to suggest that it contributes significantly to the observations in vivo. In this report, we also reveal an IL-6-MCP-1 amplification loop accelerating vascular inflammation.
Results

Ang II infusion induced aortic dissection and cytokine secretion.
We evaluated effects of short-term Ang II infusion into 7- to 12-month-old C57BL/6 mice at a dose of 2,500 ng/kg / min. Ang II infusion, at these doses, produces modest pressor effects; for example mean intra-arterial blood pressure after 7 days infusion was 145 ± 13 mmHg versus 109 ± 8 mmHg (n = 3, P < 0.02, 2-tailed t test; because of potential confounding effects of intravascular cannulation on hemodynamics and vascular inflammation, blood pressure was not systematically measured in this study). We observed that Ang IItreated mice developed features of aortic remodeling over 6-10 days, including aortic dilatation as previously demonstrated (37, 39) and areas of focal hemorrhages, indicating aortic dissection ( Figure 1, A and B) . Aortic hematomas/dissections could be demonstrated after intraventricular PBS perfusion to remove lumenal blood cells and were observed in 35% (8 of 23) of the experimental mice, with none being observed in sham-infused control mice. Dissections commonly spanned the length of the aorta from the ascending to suprarenal aorta ( Figure 1B ) or were located in either of 2 places, the suprarenal abdominal aorta or the ascending aorta, with the former more frequent than the latter. Analysis of aortic cross sections in the suprarenal abdominal region clearly show Ang II-induced medial hypertrophy, adventitial thickening, and blood-filled false lumens located in the tunica adventitia ( Figure  1B) . Moreover, clear dissections through the tunica intima and tunica media were observed in areas of hemorrhage in the ascending and suprarenal aorta (see below).
To establish the vascular cytokine response to Ang II infusion, aortic explants from young (<2 months old) and older (7-10 months of age) mice after 10 days infusion were prepared and cytokine secretion analyzed (29) . Analysis of IL-6 secreted by the total aorta revealed a 3.7-fold increase in production in the young mice and a greater, 6.3-fold increase in the older mice (P < 0.001, 2-way ANOVA; Figure 1C ). To exclude the potential underestimation of aortic cytokine production due to differences in cellular composition (vascular hemorrhage or adventitial thickening), the data were also analyzed as a function of aortic dry weight. The results were similar, with enhanced IL-6 secretion observed in the older animals ( Figure 1C ). Importantly, cytokine secretion was apparently independent of the presence of vascular hemorrhage; in fact, we previously have shown that cytokines are produced and secreted locally using in situ hybridization and time series analysis of aortic explants (29, 39, 40) . Similarly, Ang II induced a significant, 2-fold increase in MCP-1 secretion in young animals and an enhanced, 4.7-fold increase in the older animals ( Figure 1C ). These changes were also significant when normalizing to aortic dry weight. The highly significant interaction term identified in all of the 2-way ANOVA analyses (IL-6, P < 0.013, and MCP-1, P < 0.008) indicates that Ang II-induced vascular cytokine production was significantly enhanced by age. To control for these age effects and enhance our ability to discern the roles of these vascular monokines, we performed all subsequent studies in older mice.
Time series analysis of monokine production in older mice showed similar responses as early as 6 days ( Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI38308DS1), indicating that monokine production was an early event, preceding the peak in aortic dissection and aneurysm formation. Immunostaining of aortic cross sections from the ascending aorta demonstrated that IL-6 and MCP-1 were predominantly localized to the adventitia and media-adventitia border, respectively, of treated animals, with lesser staining in the intima ( Figure 1D ). This finding is consistent with our previous work showing that the adventitia secretes a greater amount of IL-6 per mg of tissue (29) . Macrophages were detected predominantly in the adventitia along with adventitial fibroblasts ( Figure 1D ). Together, these data indicate that Ang II is a potent inducer of thoracic and abdominal aneurysms and dissections as well as local, adventitial vascular inflammation in this non-hyperlipidemic model.
Ang II-induced recruitment and expression of distinct activated macrophage phenotypes. Macrophages are thought to play a major role in vascular inflammation, but previous studies have only detected them in aortic tissue with generic mouse macrophage markers and semiquantified their recruitment by immunohistochemistry (IHC). Although these studies have been valuable, IHC methods are subject to significant sampling bias due to regional differences in macrophage recruitment. To remove the sampling bias and facilitate systematic analysis of activated subsets of aortic macrophages, we adapted a collagenase/elastase digestion method to dissociate the cellular aortic components for quantitative, multiparametric flow cytometry analysis. Under these conditions of dissociation, nearly complete dissolution of the aorta was observed, indicated by the reduction in the mass of residual aortic tissue and loss of intracellular β-actin staining (Supplemental Figures 2 and 3) . To further characterize the aortic components, we examined dissociated cells by H&E staining. Under these conditions, well-defined planar cells were primarily identified showing characteristic eosinophilic cytoplasm and basophilic nuclear staining (Figure 2A ). To specifically isolate monocytes within the dissociated aortic cell population, we subjected them to flow cytometric analysis, gating by CD14 expression. CD14 staining isolates the leukocyte population, excluding endothelial cells, smooth muscle cells, and adventitial fibroblasts ( Figure 2B ). To more specifically identify macrophages, the CD14 + leukocytes were then gated based on CD11b expression, producing 2 distinct populations, CD14 + CD11b + and CD14 + CD11b -cells. To determine whether these populations could be considered macrophages, a third staining was performed based on F4/80 expression, a general marker for mature macrophages (41) (42) (43) . It can be seen that the CD14 + CD11b + cells stained with F4/80, while the CD14 + CD11b -cells did not. Therefore, we concluded that aortic macrophages are CD14 + CD11b + in control conditions. Backgating was performed on that population to determine the location of macrophages in a forward- versus side scatter (FSC-H versus SSC-A) dot plot, which was used consistently as the gate to visualize macrophages in subsequent experiments. Separate control experiments showed that approximately 87% of the cells contained in this gate were viable, as assessed by exclusion Figure 5 for enlarged photograph. (C) Secreted IL-6 and MCP-1 concentrations in aortic explant culture from sham-(n = 8) or Ang II-infused mice after 10 days (n = 12) for mice younger than 2 months of age or 7-10 months of age. Top panels show measurements after incubation of the entire aorta; bottom panels show cytokine concentrations in explant media normalized to aortic dry weight. Data are mean ± SEM. Groups were compared by 2-way ANOVA, using treatment (Ang II) or age as independent variables. For each comparison, the P value is displayed for age effect, Ang II effect, and the interaction effect of Ang II with age (AngII*age). (D) Immunofluorescence staining for macrophages (MOMA-2), AoAFs (ERTR7), IL-6, and MCP-1 in transverse cryosections (6 μm) of ascending aorta from sham-and Ang II-treated mice for 6 days. Nuclei were stained with DAPI (blue). Elastic lamellae of the media are green (autofluorescence). Positive staining is red (Alexa Fluor 568-conjugated secondary Ab). Original magnification, ×200. of ethidium homodimer (Supplemental Figure 4) . In this population, a population of CD11b + cells was detected; this finding combined with the immunofluorescence staining results showing that CD11b + cells were predominantly localized in the adventitia lead us to suggest that the macrophage population is largely recruited into the adventitial layer of Ang II-treated mice. This finding is similar to the results of MOMA-2 staining (Figure 1) .
We next analyzed the effects of Ang II infusion on macrophage populations and found a 5.3-fold increase in the number of CD14 + CD11b + aortic macrophages ( Figure 2C ). In aortas with dissection, the number was even higher, with macrophages constituting 32% of all cells in aortas with dissection, while control aortas had less than 1% macrophages (Table 1 ). We also observed that the expression of CD14 and CD11b increased with treatment and was highest on macrophages from dissected aortas ( Figure 2C ). While these macrophages appeared as a distinct population separate from the other 2 groups, the most striking finding was that these macrophages were F4/80 -. The loss of F4/80 has been reported to occur in activated macrophages (41) (42) (43) . Histograms comparing the expression of CD14, CD11b, and F4/80 in each group are shown in Figure  2D . Aortic macrophages in treated mice also expressed CCR2 (Figure 2E ; specificity controls are in Supplemental Figure 6 ). Together, these data indicate that Ang II induces recruitment and activation of macrophages into the aortae and that a separate activated macrophage population is seen in those with acute dissections.
Role of local CCR2 signaling in vascular inflammation and formation of aortic dissections. Since recruited aortic macrophages in Ang IItreated C57BL/6J WT mice express the MCP-1 receptor CCR2, we explored the role of MCP-1 signaling on macrophage recruitment and vascular inflammation. We found that CCR2 deficiency significantly reduced Ang II-induced aortic dissections. Both sham- and Ang II-infused mice had greatly reduced numbers of aortic macrophages, and only a 2.8-fold increase was observed with Ang II infusion ( Table 1) . Staining for CD14 + CD11b + aortic macrophages in treated and control Ccr2 -/-mice is shown in Figure 3A . Upon analysis of conditioned medium from aortic explants, secreted IL-6 levels increased significantly between Ang II- and sham-treated groups, but by only 2.0-fold (P < 0.03), and MCP-1 showed a trend to be higher in treated versus sham mice, but this difference did not reach significance (P < 0.089; Figure 3B ). These levels also were appreciably lower than the levels observed in treated WT mice after 6 days of infusion (3.6-fold for IL-6 and 6.5-fold for MCP-1; Supplemental Figure 1 ). These data indicated that CCR2 signaling is important in Ang II-induced vascular inflammation.
To determine whether CCR2 signaling in recruited macrophages mediated the increase in cytokines and aortic dissections, we performed adoptive transfer of Ccr2 +/+ (WT) monocytes into the Ccr2 -/-background. Isolated isogenic Ccr2 +/+ or Ccr2 -/-monocytes were purified, double labeled with separately detectable DiR800 and PKH26 vital dyes, and injected into tail veins of Ccr2 -/-recipients pretreated with saline (sham) or Ang II (6 days). Recipients were imaged for monocyte uptake and aortic remodeling 4 days later. DiR800 was used to track the monocytes using near-infrared imaging, which assigned a green color to the monocytes ( Figure 3C ). Here, labeled monocytes were detected in the spleen on dorsal view and in the liver on ventral view in both sham- and Ang II-infused mice with equal intensity, implying equivalent transfer. This was confirmed by imaging the abdominal contents ex vivo ( Figure 3C ).
We found that Ccr2 +/+ monocytes injected into sham mice and Ccr2 -/-monocytes injected into either sham- or Ang II-treated mice homed to the infrarenal aorta. Interestingly, Ang II treatment produced 2 regions of enhanced Ccr2 +/+ monocyte recruitment that coincided with regions of aortic dilatation and dissection ( Figure  3D ). Specifically, Ccr2 +/+ monocyte homing occurred exclusively in the aortic root/ascending aorta (5 of 7 mice, compared with sham treatment, 0 of 6 mice; P < 0.03) and the suprarenal abdominal aorta (6 of 7 mice, compared with sham treatment, 0 of 6 mice; P < 0.01, Fisher's exact test, 1-sided). We note the increased homing of Ccr2 +/+ monocytes is an independent validation of the data in Figure 2E .
Ang II induces localized vascular ROS formation. To determine whether these focal regions of macrophage recruitment corresponded to regions of enhanced ROS formation, we performed in situ dihydroethidium (DHE) staining for ROS formation. DHE is a cellpermeable dye that is oxidized by superoxide to ethidium bromide and subsequently intercalates with DNA, labeling the nuclei. In this experiment, aortas from sham- or Ang II-infused mice were separated into ascending, descending, suprarenal, and infrarenal segments and assayed for ROS formation. Strong ethidium bromide production was seen in the regions corresponding to the ascending and suprarenal aorta, corresponding to the regions of enhance recruitment of Ccr2 +/+ macrophages but not descending or infrarenal segments ( Figure 3E and data not shown). Together, these data indicate that focal regions of macrophage recruitment overlap with regions of enhanced ROS formation.
Ccr2 +/+ monocytes enhance vascular inflammation. Measurement of secreted IL-6 and MCP-1 from the aortic explants of sham-treated and Ang II-treated Ccr2 -/-mice receiving Ccr2 +/+ monocytes showed 3.7- and 9.1-fold increases, respectively ( Figure 3F ). In contrast, IL-6 and MCP-1 from aortic explants of sham- and Ang IItreated Ccr2 -/-animals receiving Ccr2 -/-monocytes showed only 2.1- and 1.9-fold increases, respectively. Two-way ANOVA analysis of these data revealed a significant interaction term (P = 0.03), indicating that the level of Ang II-induced MCP-1 was significantly influenced by the Ccr2 +/+ genotype. By contrast, analysis of IL-6 secretion indicated that only Ang II treatment had a significant effect (P = 0.001), without an independent or interacting role of the monocyte genotype. The level of IL-6, 26.2 ng/ml, was similar to that seen in Ang II-infused WT mice, 28.8 ng/ml, while the level of MCP-1 was greater at 2.9 ng/ml than the 1.9 ng/ml seen in treated WT mice ( Figure 3F and Supplemental Figure 1 ). As a measure of specificity, Ccr2 +/+ monocyte injection did not increase aortic explant secretion of TNF-α (data not shown). Remarkably, the transfer of Ccr2 +/+ monocytes caused aortic dissections in 4 of 7 (57.1%) Ccr2 -/-mice infused with Ang II (Figure 3G ), which was significant compared with sham-treated mice (P < 0.05, Fisher's exact test, 1-sided). Next, we examined aortic tissue from these mice using fluorescence microscopy (to detect the PKH26 dye). Aortic cross sections at the root/ascending aorta region showed monocyte-derived macrophages invading the media from the media-adventitia border and colocalizing with tears in the medial elastic lamellae, structures detected by green autofluorescence ( Figure 4A ). These macrophages were identified based on the red fluorescence of the PKH26 dye without any additional staining. DAPI nuclear staining confirmed that the red PKH26 fluorescent signal represented cells. No red fluorescence was detectable in aortic cross sections from non-monocyteinjected mice (data not shown). Also in the ascending aorta, IL-6 was detected mostly in the adventitia, with some staining in the intima, while MCP-1 was predominantly in the outer media and the mediaadventitia border, with some low, diffuse staining in the adventitia ( Figure 4B ). Thickening of the adventitia was observed along with increased staining for adventitial fibroblasts.
Sporadic human thoracic aortic aneurysm and dissection also express IL-6 in the adventitia. Although circulating IL-6 is increased with thoracic and abdominal aneurysms in humans, the location of IL-6 production in the aorta is unclear. Thus, we sought to detect IL-6 in human thoracic aneurysm and dissection. In aortic cross sections, IL-6 was detected by immunofluorescence microscopy predominantly in the adventitia ( Figure 4C) , with little to no IL-6 staining observed in the media and intima. In addition, little to no detectable staining was observed in non-dissected aortic samples (data not shown). These results confirm our findings from previous studies in rodents indicating that the adventitia represents the source of the most abundant local IL-6 cytokine production in vascular inflammation (29) .
Il6 -/-mice have reduced inflammatory responses to Ang II. IL-6 is one of the most highly induced cytokines in aneurysms from human and experimental animals (17) (18) (19) 29) , but its contribution to aortic disease has not been clearly defined. To study its role in our shortterm Ang II infusion model, we infused Il6 -/-mice with Ang II for 6 days. We did not observe aortic dissections in this time frame. Concomitantly, levels of secreted aortic MCP-1 increased only 3.4-fold ( Figure 5A ), which is significantly reduced compared with the much larger Ang II-induced increases in WT animals (Supplemental Figure 1 ; P < 0.03, 1-way ANOVA with Tukey's post-hoc test).
To determine whether the reduced responses were associated with macrophage number and phenotypes, sham- and Ang II-treated Il6 -/-aortas were digested to characterize their macrophages. The number of macrophages increased by only 3.7-fold with treat- ment, and the percentage of macrophages in the treated aortas was half that observed in aortas from Ang II-infused WT mice (Table 1) . Although macrophages from sham-infused aortas in the Il6 -/-background had CD11b and CD14 staining similar to that in sham-infused WT aortas, the macrophages from the Ang II-treated Il6 -/-aortas were distinctly different ( Figure 5B ). Here we noted that the CD11b staining did not reach the same levels in response to Ang II as in macrophages from WT mice with treatment or dissection, despite normal expression of F4/80 ( Figure 5C ). Staining for CD14 was on the lower end of the range observed in WT mice.
These data suggest that macrophages were signaling in response to IL-6 to alter their expression of cellsurface markers. To test this, we examined the status of IL-6 signaling pathway activation. IL-6 activates gp130 signaling and Jak/Tyk tyrosine kinases to induce STAT3 phosphorylation at Tyr705. CD14 + CD11b + macrophages were positive for p-Tyr705-STAT3 in treated WT mice, but not in sham-infused mice ( Figure  5D ). Neither sham- nor Ang II-infused mice in the Il6 -/-background had detectable p-Tyr705-STAT3 + macrophages. A population of CD11b + cells was also detected, but they were not positive for p-Tyr705-STAT3. These data suggest that local IL-6 is directly signaling to aortic CD14 + CD11b + macrophages, and this signaling pathway is required for formation of aortic dissections.
A summary of the effect of Ang II in the different genotypes is shown in Figure 5E . In WT mice, Ang II induced a statistically significant increase in aortic dissections after 6 days of infusion (P < 0.004, Fischer's exact test). By contrast, deficiency of either IL-6 or CCR2 reduced this early incidence of Ang II-induced aortic dissections compared with those seen in WT mice. This reduction in dissections was significant at 6 days for both Il6 -/-and Ccr2 -/-genotypes (P < 0.05, Fischer's exact test). Importantly, the reduction in dissections seen in Ccr2 -/-mice was lost upon infusion of Ccr2 +/+ monocytes. We therefore conclude that both IL-6 and MCP play an important role early in the development of aortic dissections. Monocyte-adventitial fibroblast interaction potentiates cytokine expression and macrophage differentiation. Since macrophages are mostly recruited to the adventitia, and adventitial fibroblasts increase with disease formation in vivo, we hypothesized that the infiltrating monocytes/macrophages interact with adventitial fibroblasts to potentiate IL-6 production. To test this hypothesis in vitro, we cultured monocytes with primary human AoAFs. Although THP-1 cells do not produce IL-6 (<3.2 pg/ml), in the presence of AoAF, the levels of IL-6 were increased 2.3-fold. To determine whether there was a requirement for direct interaction, we cocultured THP-1 monocytes with AoAF separated by a Transwell insert. The level of IL-6 in the Transwell-separated coculture medium was still significantly higher (3-fold) than that from AoAFs cultured alone (P < 0.05; Figure 6A ). Overall, our data indicate that THP-1-AoAF interaction increases IL-6 secretion but this phenomenon is not mediated by direct cell-cell interaction.
Moreover, we found that the fibroblast interaction differentiated THP-1 monocytic cells into macrophages, characterized morphologically by adherence to the fibroblasts and numerous cytoplasmic vacuoles ( Figure 6B ). We then characterized this differentiation based on expression of CD14 and CD11b. Since CD14 is also highly expressed on monocytes, THP-1 cells were treated with IL-4 and GM-CSF to downregulate constitutive CD14 expression (44, 45) . In this cytokine environment, monocytes will differentiate into CD14 -immature dendritic cells (iDCs) by default. IL-4/GM-CSF-treated monocytes were CD14 -and CD11c + CD11b -, but in the presence of AoAFs, there were CD14 + and CD11c + CD11b + macrophages ( Figure 6C ). These findings were confirmed with primary human monocytes. IL-6 was increased by 3.5- and 6.3-fold when umbilical cord blood or adult peripheral blood monocytes were cocultured with AoAFs, respectively, as compared with the sum of IL-6 produced from each cell type alone ( Figure 6D ). Surprisingly, we observed that MCP-1 was induced by 14.0- and 13.2-fold, respectively. Figure 6E shows the morphological differentiation of primary monocytes into iDCs in single culture with IL-4/GM-CSF but into macrophages in the presence of AoAFs and the same cytokine environment. These data indicate that AoAFs secrete paracrine factor(s) that induce IL-6 and MCP-1 production, promoting monocyte-to-macrophage differentiation.
To determine whether the differentiation to macrophages was IL-6 dependent, we added anti-IL-6 and anti-soluble IL-6 receptor (anti-sIL-6R) Abs to the coculture experiments. In these experiments, gating for HLA-DR was performed to separate the monocytes/iDCs/macrophages from fibroblasts. Peripheral blood monocytes became CD1a + CD14 -iDCs in single culture but CD1a -CD14 + macrophages in coculture. Neutralizing IL-6 Ab decreased CD14 expression on macrophages in coculture ( Figure 7A) . In a parallel experiment, peripheral blood monocytes were found to be CD14 -CD11b + iDCs in single culture but CD14 + CD11b + macrophages in coculture. CD11b expression on macrophages was decreased with neutralization of IL-6. The downregulation of CD11b was seen more clearly in THP-1 cells (Figure 7A, inset) . The discrepancy between expression of CD11b on peripheral blood-derived iDCs and THP-1 cells cultured with IL-4/GM-CSF might be due to the presence of IL-6 in the culture medium of primary iDCs. Although neutralization of IL-6 was only partial in these experiments, it was found to decrease amounts of secreted MCP-1 in coculture and inhibit MMP-9 induction ( Figure 7B ). To directly demonstrate that IL-6 can upregulate MCP-1 expression, we stimulated THP-1 monocytic cells with 8 ng/ml recombinant IL-6 for 96 hours. While MCP-1 mRNA increased to a maximum at 48 hours and then decreased but was still elevated at 96 hours, the amount of secreted MCP-1 protein gradually increased up to 96 hours ( Figure 7C ). These data indicate that IL-6 potentiates macrophage differentiation and activation upstream of MCP-1.
Discussion
In this study, we developed an animal model of Ang II-induced vascular inflammation that resulted in acute thoracic and suprarenal aortic aneurysms and dissections in the absence of the confounding effects of hyperlipidemia. In this model, we confirm that Ang II induces local production of IL-6 and MCP-1 secretion, ROS formation, monocyte recruitment, and macrophage activation characterized by CD14 hi CD11b hi F4/80 -cell-surface staining. Using adoptive transfer studies, we identified 2 regional sites within the aorta for monocyte uptake and adventitial accumulation that were dependent on Ang II stimulation and CCR2 signaling. This process of monocyte recruitment potentiates adventitial IL-6 secretion seen the animal model and in sporadic thoracic aortic dissections in humans. Our work further suggests that this process is governed by paracrine factors released during monocyte-aortic fibroblast interactions in vitro. Specifically, our work suggests that IL-6 regulates monocyte-to-macrophage differentiation and activation in the aorta along with MCP-1 production and MMP expression. Collectively, our data demonstrate that IL-6 coordinates vascular inflammation via MCP-1 upregulation and macrophage recruitment and activation; these findings may be relevant to IL-6's role in other inflammatory cardiovascular diseases in addition to aortic aneurysms and dissections.
Ang II infusion is a potent inducer of vascular inflammation, and its physiological effect has been extensively studied in mouse models. Those studies have largely employed hyperlipidemic Apoe -/-and Ldlr -/-mice, in which the blood pressure-independent effects of Ang II include both acceleration of the formation of atherosclerosis and induction of suprarenal aneurysms (29, 37, 38, 46) . In these models, the presence of hyperlipidemia induces ROS, apparently to sensitize the vessel to the inflammatory actions of Ang II and is well known to increase the incidence of abdominal aneurysms (39, 47) . These genetic backgrounds make the isolated study of the pathogenic mechanisms of Ang II on aortic aneurysm and dissection difficult. In this study, we found that Ang II infusion into older C57BL/6J mice reproducibly produced both suprarenal and ascending thoracic aneurysms and dissections. The thoracic dissections that we observe are similar to human type A dissections based on their location in the ascending aorta and the formation of false lumens resulting in intravascular hematomas. However, these models differ in that the dissections enter the adventitia, whereas human type A dissections create false lumens within the media.
Our study extends previous work showing that Ang II infusion into young C57BL/6 mice induces macrophage recruitment, but no apparent dissections (12) , and that Ang II induces suprarenal abdominal aortic aneurysms in older mice (39) . Comparison of the vascular cytokine response between the 2 age groups showed that older mice had enhanced cytokine reactivity to Ang II infusion ( Figure 1C) . Why older mice are more sensitive to Ang II remains unknown, although we speculate that mitochondrial dysfunction associated with aging may contribute to enhanced ROS formation, thereby enhancing chemokine production, with subsequent monocyte recruitment and aortic remodeling. We note that aging is a major risk factor for human abdominal aortic aneurysms (48) .
It is well established that Ang II infusion enhances macrophage recruitment and accelerates atherosclerosis (47, 49, 50) , in which the roles of monocyte-derived chemokines osteopontin and MCP-1 have been implicated. However, this work has been limited by the inability to systematically quantitate macrophage number due to their reliance on histochemical methods sensitive to regional differences in monocyte uptake. Here, we adapted an established method of tissue dissociation and quantitative flow cytometry to circumvent these limitations (51) . In our characterization of this isolation method, the reduction in residual aortic tissue as a function of digestion time indicates that the method is effective in dissolution of the aortic structural components, and the loss of cellular β-actin staining suggests that the method efficiently extracts cellular constituents (Supplemental Figures 1 and 2) . Nevertheless, in the analysis of SSC-A, a number of events stained positive for ethidium homodimer, indicating that a substantial fraction of the total cells were nonviable. This finding is consistent with the work of others (51) , and the studies together suggest that we are underestimating the total aortic cell number. However, we note that measurement of cellular viability in the monocyte gating window clearly show that the monocyte population is largely composed of viable cells, the primary end point of this study (Figure 2A and Supplemental Figure 4 ). An important caveat of our study is that we lack the ability to address experimentally whether the aortic dissolution technique preferentially enriches certain cell populations. This question will require further work and development of quantitative morphometric analysis of tissues. However, we note that the finding of enhanced macrophage recruitment indicated by the flow cytometric assays is independently supported by the enhanced recruitment of vital dye-labeled Ccr2 +/+ macrophages ( Figure 3D) , the latter representing a method that does not rely on cellular dissolution.
Given these caveats, our study shows that Ang II is a potent inducer of macrophage populations in the remodeling aorta, which dramatically increased up to 32% of the total recoverable cell population in animals with acute dissections. Moreover, our ability to measure activation state showed that resident aortic macrophages were CD14 + CD11b + F4/80 + in sham-treated WT mice, while Ccr2 + monocytes recruited into the aorta by Ang II became macrophages that expressed higher CD14 and CD11b but were surprisingly F4/80 -, a signature indicating cellular activation, in dissecting aortas. In contrast, Il6 -/-mice treated with Ang II for 6 days did not develop aneurysms and had CD14 lo CD11b lo F4/80 + aortic macrophages. Together with the finding that macrophages stain for p-Tyr705-STAT3 in an IL-6-dependent manner, this suggests to us that local IL-6 may be responsible for differentiating monocytes to become CD14 hi CD11b hi F4/80 -activated aortic macrophages that further induce IL-6, express MCP-1, and cause aortic dissections. Selective targeting of these pathogenic macrophages may have therapeutic and diagnostic relevance.
We and others have reported that macrophage uptake occurs predominantly in the tunica adventitia in both humans and animal models (27, 29, 37, 40, 50, (52) (53) (54) (55) (56) , in association with elastic lamellar tears. Initial adventitial recruitment is mediated by the potent chemotactic properties of MCP-1, followed by subsequent medial invasion (3, 4, 40, 57, 58) . This process may be facilitated by adventitial IL-6 secretion to upregulate CD11b expression. CD11b is an integrin mediating monocyte/macrophage adhesion, migration, and phagocytosis (59-61) that complexes with CD18 to become an α M β 2 integrin receptor known as Mac-1. Importantly, Mac-1 ligands, fibrinogen, factor X, and ICAM-1 are upregulated by IL-6 trans signaling in vivo (62, 63) . CD11b can form a complex with urokinase-type plasminogen activator receptor (uPAR) expressed on activated macrophages (64) (65) (66) (67) (68) (69) (70) . The expression of the uPAR ligand urokinase-type plasminogen activator (uPA) increases 13-fold in aneurysmal tissue of Ang II-infused Apoe -/-mice, where it cleaves plasminogen to produce MMP-activating plasmin (39, 40, 71) . We speculate that Ang II's effect of inducing IL-6 may increase ICAM-1 and augment CD11b expression on macrophages to bind uPAR. Subsequent association with uPA may facilitate dissociation, allowing for migration, and MMP activation. In fact, blockade of CD11b has been shown to reduce vessel wall macrophage infiltration (72) . The activity of IL-6, therefore, creates an environment where macrophages can attach, migrate, and degrade tissue from the adventitia inward.
Vital staining experiments in our rodent model revealed that monocytes preferentially home to ascending and suprarenal sections of the aorta, representing the 2 major sites for dissection. This finding underscores our previous suggestion that monocyte recruitment is not uniform but rather occurs in specific locations. In this regard, we have noticed extensive increases in volume of the vasa vasorum in these areas (data not shown), explaining the propensity for preferential monocyte recruitment. It remains unknown why these specific regions are prone to neovascularization or the mechanisms controlling this process. These 2 regions of increased IL-6 are also sites for ROS generation, suggesting linkage between monocyte recruitment and ROS production (39, 40) . Our finding that the Ang II-induced medial elastic lamellar disruption and dissection in the abdominal aorta also occur in the presence of macrophages suggests that macrophages may be involved late in the process of aortic dilation and that regional uptake of monocytes, rather than inherent regional vessel properties, may be of primary influence in selecting the site for aortic dilation (37, 50, 73) . Another group has shown that Ang II enhances thoracic aorta dissections in Apoe -/-mice (74); our study is the first to our knowledge to demonstrate this phenomenon in WT mice. This is an important observation, because human aneurysms are commonly found in this thoracic area. These data clearly demonstrate the important role of regional recruitment of CCR2 + monocytes in vascular inflammation and dissecting aneurysm disease.
Mechanistically, Ang II infusion induces local production of MCP-1 and IL-6 via defined signal transduction pathways (36) . Although production of these 2 cytokines has been thought to be relatively independent, our data suggest that IL-6 and MCP-1 secretion are actually codependent. Specifically, Ang II infusion into mice of the Ccr2 -/-background reduced IL-6 and MCP-1 secretion, which was restored to WT levels by infusion of physiologically relevant numbers of CCR2 + monocytes (75) . Moreover, this adoptive transfer also restored aortic dissection rates to levels indistinguishable from those of WT mice. Similarly, we found that Ang II-induced MCP-1 expression was reduced in Il6 -/-mice. Our experiments investigating interactions between primary AoAFs and monocytes reproduced these in vivo observations. Here, IL-6 and MCP-1 secretion were potentiated by cellular interactions in coculture. AoAF interactions further induced CD14 and CD11b and monocyte-to-macrophage differentiation in an IL-6-dependent manner. Taken together with the in vivo observations that IL-6, MCP-1, macrophages, and fibroblasts are predominantly localized to the tunica adventitia, these findings support the conclusion that adventitial fibroblast-monocyte interactions potentiate Ang II-induced cytokine release and aortic dissection. These data suggest the cellular basis for an inducible IL-6/MCP-1 amplification loop important in vascular inflammation.
Although our data clearly indicate that IL-6 or CCR2 deficiency reduces the early onset of aortic dissections, we note that these genotypes do not totally protect mice from aortic dissection with longer (10-day) infusions ( Figure 5E ). When we infused CCR2 and IL-6-knockout mice for 10 days, we found that 2 of 13 (15.4%) Ccr2 -/-mice and 1 of 8 (12.5%) Il6 -/-mice developed aortic dissection, which is still half the incidence observed in WT mice after 6 days of infusion. Although this trend suggests a reduced rate of aortic dissection, because our study was designed to focus on early Ang II-induced events, it was not sufficiently powerful to examine the effect of chronic Ang II infusions. More work will be required to establish the significance of chronic Ang II infusion in these genetic backgrounds. Nevertheless, our observations suggest that early development of Ang II-induced aneurysm and aortic dissection formation is partly CCR2 and IL-6 independent. These findings underscore our understanding that this is a complex phenotype, dependent on a multitude of processes whose interaction ultimately results in a loss of aortic wall integrity. Nevertheless, these results more importantly suggest that MCP-1 and IL-6 signaling accelerates the development and increases the incidence of aneurysm and aortic dissections.
In summary, we suggest that interaction between AoAF and macrophages provides a IL-6/MCP-1 amplification loop for acceleration of vascular inflammation. We propose that IL-6 is induced when monocytes are recruited to the adventitia, coming into close proximity to adventitial fibroblasts. Increased IL-6 then promotes monocyte differentiation into mobile, activated macrophages that secrete MCP-1 and MMPs, which facilitate invasion from the adventitia into the media and recruit more monocytes into the adventitia, amplifying the process. These observations suggest potential sites for therapeutic intervention to effectively disrupt vascular inflammation common to many cardiovascular diseases.
Methods
Animal care and use. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Texas Medical Branch Animal Resource Center. Male C57BL/6J WT and Il6 -/-mice were obtained from The Jackson Laboratory. Ccr2 -/-breeding pairs were from The Jackson Laboratory and bred in house. Age-matched male Ccr2 -/-mice were used in all experiments. Both Ccr2 -/-and Il6 -/-mice were in the C57BL/6J background. For Ang II infusion, anesthetized mice received subcutaneous Alzet osmotic minipumps (Durcet Corp.) delivering either saline (sham) or Ang II (synthesized by the University of Texas Medical Branch peptide synthesis core) at 2,500 ng/kg/min for 6 or 10 days. Intravascular blood pressure was measured in ketamine-anesthetized mice using carotid artery cannulation and external monitoring with a BP-100 intravascular blood pressure transducer (iWorx/CB Sciences).
Aortic explant and cytokine analysis. Ketamine-anesthetized mice were perfused with PBS via the left ventricle to remove blood from tissue, then hearts and aortas were excised in one piece and placed in sterile PBS, and periadventitial fat was removed. The entire aorta (approximately 4.4-5 cm) was dissected and immediately placed in 0.5 ml DMEM medium (Cellgro) containing 1× ITS (Sigma-Aldrich) and 0.1% BSA (Sigma-Aldrich) and incubated in a tissue culture hood at 37°C for 4 hours. In experiments where cytokine secretion was normalized to dry weight, aortas were removed from conditioned medium, with excessive liquid absorbed by sterile surgical gauze, and placed in a 55°C drying oven for approximately 72 hours until weights stabilized for measurement. Culture medium was frozen at -80°C until being assayed for IL-6 and MCP-1 using a multiplex, beadbased ELISA kit (Lincoplex/Millipore mouse or human adipocyte/cytokine panel) according to the manufacturer's instructions.
IHC and immunofluorescence. Slides containing frozen mouse aortic cross sections (6-μm) were immediately fixed with 4% PFA for 30 minutes, blocked using 0.1% Triton-X, 5% normal serum of the species producing the highly cross-absorbed Alexa Fluor 568-conjugated secondary Ab (Invitrogen) for 15 minutes at 37°C and then incubated with primary Abs at the following concentrations: 1:100 anti-CD11b (M1/70; eBioscience), 1:100 anti-fibroblast (ER-TR7; Bachem), 1:50 anti-MCP-1 (ECE.2; Abcam), 1:200 anti-IL-6 (eBioscience), and 1:200 anti-macrophage (MOMA-2; Abcam). Incubations were performed for 2 hours at 37°C or overnight at 4°C. After washing, secondary Abs were added at a dilution of 1:200 for 45 minutes at 37°C. Slides were then DAPI stained (Vector Laboratories). For human aortic tissue samples, discarded aortic tissue and deidentified clinical data from patients undergoing surgical aortic repair were obtained with informed consent under a protocol approved by the University of Texas Health Science Center Institutional Review Board. PFA-fixed, paraffin-embedded sections were taken from the ascending aorta above the sinuses of Valsalva. The sections were microwaved and stained using VECTASTAIN ABC-AP kit (Vector Laboratories) using a 1:100 dilution of anti-IL-6 Ab (clone 6708; R&D systems). Vector Red (Vector Laboratories) was used as substrate. Secondary Ab-only controls were used to determine staining specificity.
In situ DHE oxidation. Aortas from sham- or Ang II-infused mice were dissected, OCT embedded, and frozen in a methybutane/ethanol/dry ice bath. Frozen sections (8-μm-thick) were mounted on glass slides, rinsed in PBS, and incubated in 10 μM DHE (37°C, 30 minutes; Invitrogen). Then slides were DAPI stained, mounted, and photographed using a Texas red filter (488-nm excitation, 610-nm emission).
Aortic digestion. Aortas were minced into 3- to 4-mm pieces and placed in 1-ml digestion solution containing 1.25 mg/ml collagenase (Sigma-Aldrich), 50 μg/ml porcine pancreatic elastase (Sigma-Aldrich), and 5 mM CaCl2 in 0.9 ml base solution of Accumax (Innovative Cell Technologies). Aortic tissue was digested at room temperature with agitation for 1-4 hours. After digestion, cells were washed in FACS buffer (0.5% BSA, 0.02% NaN3 in PBS) at 300 g for 5 minutes. Blocking and flow cytometry are described below. For samples with substantial rbc contamination, an rbc lysis step was performed after the initial wash. For detection of p-STAT3, aortas were digested in the presence of phosphatase inhibitors (5 mM depolymerized sodium orthovanadate and 50 mM NaF). After digestion, cells were quickly washed and then fixed in 0.5% PFA for 10 minutes. Cell permeabilization was performed with 100% cold methanol for 10 minutes on ice, and all washes and incubations were done in the presence of phosphatase inhibitors. all from eBioscience; Alexa Fluor 647-p-STAT3 Y705 [4/P-Stat3] from BD Biosciences) and CCR2 (M-50; from Santa Cruz Biotechnology Inc.) were added for 30-45 minutes at room temperature. Corresponding isotype control Abs were added to "isotype samples" at the same concentrations as the Abs of interest. After incubation, samples were washed 3 times in FACS buffer, centrifuged at 300 g for 5 minutes, then fixed in 0.5% PFA and analyzed by FASCanto. Compensation was performed using positive samples containing aortic macrophages stained for 1 color. For indirect staining using an unconjugated primary Ab, a 1:2,000 dilution of the conjugated secondary Ab was used. Human cells were blocked with human serum and staining was performed as above with the following Abs: FITCCD1a (HI149), PE-CD14 (61D3), PE-CD11c (clone 3.9), PE-Cy7-CD11b (ICRF44), and allophycocyanin-HLA-DR (APC-HLA-DR; LN3) all from eBioscience; and MMP-9 from Sigma-Aldrich. Debris and dead cells, defined by low forward scatter, were excluded from analysis. Data were analyzed with FlowJo or Cyflogic.
Monocyte isolation. Blood from C57BL/6J WT or Ccr2 -/-mice as indicated was collected into EDTA-coated vials and erythrocytes lysed used rbc lysis solution (Invitrogen) for 5 minutes at room temperature. Cells were centrifuged at 1,000 g for 3 minutes to remove rbc lysis solution, and the leukocyte pellet was resuspended and washed in cell isolation buffer (2% heat-inactivated FBS, 2 mM EDTA in PBS) followed by centrifugation at 400 g for 10 minutes. Leukocyte counting was done by trypan blue exclusion. Negative isolation of monocytes was performed using the SpinSep Murine Monocyte Isolation Custom Kit according to the manufacturer's instructions (Stem Cell Technologies). Briefly, an Ab cocktail was added to the leukocytes at a ratio of 10 μl per 5 × 10 7 nucleated cells per ml, the cells were incubated at 4°C for 15 minutes and washed, and 250 μl of SpinSep Dense Particles was added per 5 × 10 7 cells. This cell/particle suspension was incubated on ice for 20 minutes with occasional mixing; the mixture was diluted with 6 ml of isolation buffer and gently layered on top of 4 ml of SpinSep Density Medium at room temperature. Centrifugation was performed for 10 minutes at 1,200 g at room temperature. The enriched cells from the interface were carefully removed, washed, and resuspended in PBS. Eight mice allowed the isolation of 1.5 × 10 6 monocytes, representing 7% of all leukocytes. The purity was greater than 95% as assessed by CD14 staining.
Labeling of mouse monocytes. Mouse monocytes were DiR800- (Invitrogen) and PKH26-labeled (Sigma-Aldrich) simultaneously. Briefly, cells were resuspended in 1 ml solution A of PKH26, 4 μM solution of PKH26 dye in 1 ml was made in solution B, and a 1:500 dilution of 10 mg/ml DiR800 was added. Solution A was combined with solution B, and the cells were incubated for 3 minutes at room temperature. The final concentration of PKH26 was 2 μM and of DiR800 was 0.01 mg/ml. After incubation, cells were washed with PBS 3 times.
Adoptive transfer of mouse monocytes and in vivo imaging. Monocytes (1.5 × 10 6 ) in 150 μl of PBS were injected via the mouse tail vein using a 26-gauge needle (BD), and 4 days later, mice were anesthetized, shaved, and scanned using a LICOR Odyssey imaging system with a 2- to 4-mm offset. For detection of labeled cells in the aorta, aortas were excised and placed in 60-mm culture dishes and scanned as above. For detection of PKH26, the aortic root/ascending aorta was embedded and quickly frozen in OCT on dry ice, and detection of PKH26 in 6-μm cross sections was performed with fluorescence microscopy.
Coculture. Coculture experiments were performed at a monocyte/ fibroblast ratio of 4:1. Monocytes (500 × 10 3 ) were added to a culture of 125 × 10 3 adventitial fibroblasts in 1.5 ml RPMI medium containing 5% FBS for 5 days. For cytokine analysis, the medium was removed and kept at -80°C. For flow cytometry, cells were dislodged with 2 mM EDTA. IL-4 and GM-CSF were added to the culture medium at a concentration of 10 ng/ml every 3 days starting day 0 of coculture. For neutralization of IL-6, 10 mg anti-IL-6 and anti-sIL-6R Abs were added daily from day 0. For Transwell experiments, monocytes were added to the top of polycarbonate inserts with 0.4-μm pores, and the fibroblasts were grown on the bottom well (Corning Lifesciences).
Real-time PCR. RNA was extracted from 1 × 10 6 THP-1 cells using TriReagent (Sigma-Aldrich) according to the manufacturer's instructions, and 0.5 μg RNA was reverse transcribed using Superscript III (Invitrogen) according to provided directions. Real-time PCR reactions were performed in triplicate using 1 μl of resulting cDNA per 20 μl reaction volume containing iQ SYBR Green Supermix (Bio-Rad). The housekeeping gene GAPDH was used as control. Primers for human MCP-1/CCL2 were 5′-CATTGTGGC-CAAGGAGATCTG-3′ (forward) and 5′-CTTCGGAGTTTGGGTTTGCTT-3′ (reverse). PCR was performed on the MyiQ system (Bio-Rad) according to preset protocol. MCP-1 mRNA was analyzed by the ΔΔCt method.
Data analysis. Data are reported as mean ± SD or mean ± SEM as indicated. Differences between 2 groups were analyzed by Student's t test (2-tail, assuming unequal variances). Two-way ANOVA was performed separately for IL-6 and MCP-1, looking for an age as well as a treatment effect. One-way ANOVA was performed when looking for time differences due to IL-6 or MCP-1. This was followed by Tukey's post-hoc test to determine significance. Fisher's exact test was performed on the proportion data for ascending and suprarenal aortic dissections to determine significance at different time points because of small group size. In all cases, P values less than 0.05 were considered significant.
